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Crystal attachment to injured renal collecting duct cells: Influ- same metabolic disorder [3, 4]. This suggests that the
ence of urine proteins and pH. luminal surface of kidney epithelial cells do not normally
Background. The attachment of crystals to injured kidney attach crystals. We have proposed that cells that do not
epithelium is thought to be a necessary event in the develop-
normally attach crystals are transformed into cells thatment of urolithiasis. In vivo, the crystals are coated with urinary
will attach crystals following injury. The injury results inmacromolecules that define the surface properties of the crys-
cell-surface modification by at least one of two mecha-tals. The present study examines the influence of coating of
calcium oxalate crystals with urinary macromolecules on their nisms [5]. It has been shown in rat models and using
attachment to both healthy (polarized) and injured (nonpolar- urinary epithelial cells in culture that crystal attachment to
ized) primary inner medullary collecting duct (IMCD) cells. the urinary epithelium is enhanced by prior injury [5–10].
Methods. Calcium oxalate monohydrate (COM) and cal- Urinary macromolecules avidly bind to calcium oxa-cium oxalate dihydrate (COD) crystals were coated with urine
late crystals and have been extensively studied with rela-macromolecules by incubating the crystals in urine from normal
tion to their inhibition or promotion of crystal nucleation,healthy volunteers at pH 5, 6, and 7. The level of attachment
of the coated crystals to IMCD cells was also determined at growth, and aggregation [11–17]. Studies examining the
pH 5, 6, and 7. The adsorbed proteins were extracted from the effect of urinary macromolecules on crystal attachment
crystal surfaces and separated by gel electrophoresis. to cells in culture have shown that they mainly inhibit
Results. The coating of calcium oxalate crystals with urine or reduce crystal attachment [18–20]. In a recent studyproteins greatly reduced the attachment of crystals to both
using very drastic wound induction that involved denud-control and injured IMCD cells. At pH levels below 6, the
ing cells from the growth support in Madin-Darby caninecrystals readily attached to injured cells. Extraction and separa-
tion of the adsorbed proteins showed that both COM and COD kidney (MDCK) cell cultures, urine macromolecules had
crystals adsorbed a similar array of proteins. At pH 5 and 6, little effect on crystal attachment [21]. The coating of uri-
several trace proteins were adsorbed to the crystals and were nary crystals with macromolecules during episodes of crys-
not apparent at pH 7. talluria could prevent growth, and aggregation of crystals,Conclusion. The coating of crystals with urine macromole-
as well as prevent the attachment of crystals to healthycules greatly reduces the attachment of the crystals to normal
urinary epithelia.healthy epithelia. The coating and attachment of the crystals
The initial interaction between a urinary crystal andbelow pH 6 enhances the attachment to injured cells. The
enhanced crystal attachment could possibly be associated with a cell involves the contact between the surface of the
one or more proteins adsorbed to the crystal surface that are crystal and the surface of the cell. If the crystal is coated
not adsorbed to the crystals at higher pH. with urinary macromolecules, then the crystal surface
will be defined by the surface properties of the macromo-
lecular coating. This present study examined the influ-
The attachment of crystals to kidney papillary tip epi- ence of coating of calcium oxalate crystals with urinary
thelium is thought to be a necessary event in the develop- macromolecules on their attachment to both healthy (po-
ment of urolithiasis [1, 2]. Not all episodes of crystalluria larized) and injured (nonpolarized) primary inner med-
result in stone formation even among patients with the ullary collecting duct (IMCD) cells in culture. The effect
of pH on the protein coating and on the attachment of
coated crystals to the cells was also examined.
Key words: urolithiasis, calcium oxalate, crystal attachment, cell polar-
ity, urine macromolecules, urine pH.
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When any slight modification to this preparation was ratio provides in excess of what is needed to saturate
the crystal surfaces with macromolecules. The crystalsmade, such as pH, the modification is noted in the text.
were then recovered by centrifugation at 1000  g for
Cell culture 20 minutes. The crystals were then washed twice with
artificial urine of the same pH as the urine used to coatRat IMCD cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) nutrient mixture F-12 Ham the crystals. Then the crystals were suspended at the
desired concentration in artificial urine of the pH to bebase (SFFD), supplemented with insulin, hydrocortisone,
transferrin, selenium, and penicillin/streptomycin, as de- used for the crystal attachment assay. The pH used for
attachment was always the same as that used for crystalscribed previously [6]. In the first 24 hours, the culture
media contained 5% fetal bovine serum (FBS). All tissue coating except where specified differently in the text.
culture components were purchased from Sigma Chemi-
Crystal attachment assaycal Company, St. Louis, MO, USA. Cells were plated
on round glass coverslips, 12 mm diameter, placed in IMCD cells grown to confluence on glass coverslips
were examined under the microscope to ensure the cov-35 mm diameter tissue culture dishes, three coverslips/
papillary tip, and grown to confluence over 3 to 4 days. erslips were completely covered with cells. The cells were
then washed twice with AU and incubated with a well-
Cell injury (loss of cell polarity) dispersed radioactive crystal suspension 2 mL/35 mm
culture dish, for 20 minutes at 37C. Nonattached crystalsIMCD cells were treated with N,N,N,N-tetraacetic
acid (EGTA) (3 mmol/L final concentration) and incu- were washed free by adhering the coverslips to a micro-
scope slide with a dot of Vaseline and dipping the slidebated for 5 minutes at 37C to break tight junctions. The
cells were then washed with AU [22] of the same pH for 1 minute into a beaker of slowly stirred AU at room
temperature. The coverslips were placed directly into aused for crystal attachment. We have previously deter-
mined for primary IMCD cells that this treatment breaks 5 mL scintillation vial, covered with 0.5 mL 6 N HCl,
tight junctions without harming the cells [10]. filled with 3.5 mL scintillation cocktail (Econo-safe, RPI
Inc., Mt. Prospect, IL, USA) and the radioactivity mea-
Calcium oxalate crystal preparation sured using a Packard Tri-Carb scintillation counter
Radiolabeled calcium oxalate monohydrate (COM) (Packard Instruments, Meriden, CT, USA).
crystals were prepared as described previously [23].
Extraction of adsorbed urine proteins from theCaCl2 (10 mmol/L) was added to an equal volume of 10
crystal surfacemmol/L sodium oxalate (3 Ci, 14C-oxalic acid/ mL) in
artificial urine buffer, pH 6.0. The components were im- Adsorbed urine proteins were extracted from the crys-
mediately mixed and left standing at room temperature tal surface with 0.5% sodium dodecyl sulfate (SDS). The
for 10 minutes. Radiolabeled calcium oxalate dihydrate proteins were then separated by SDS polyacrylamide
(COD) crystals were prepared by taking 1 L AU, pH gel electrophoresis (PAGE) using NuPAGE BIS-TRIS
6.5, containing 5 mmol/L MgSO4, and chilling to 4C. Electrophoresis system (Invitrogen Life Technologies,
While stirring, 10 mL 0.575 mol/L Ca2Cl and 3 Ci, 14C- Carlsbad, CA, USA). Extracted protein (34 g) was
oxalic acid/mL were added and well mixed. Then 48 mL applied to each lane of a 4% to 12% precast gel and
cold 0.1 mol/L sodium oxalate was rapidly added to the separated using NuPAGE 3-[N-morpholino] propane
stirring solution. The stirring was stopped and the mix- sulfonic acid (MOPS) running buffer. The protein bands
ture left to stand at 4C for 10 minutes. Both COM were visualized by silver staining with silver S-nitroso-
and COD crystals were centrifuged at 1000  g for 20 N-acetyl-dL-enicillamine (SNAP) stain kit (Pierce Chemi-
minutes. The supernatants were decanted and the crys- cal, Rockford, IL, USA).
tals were dried overnight under vacuum. Crystal purity
was determined by high-resolution x-ray powder diffrac-
RESULTStion. Crystal morphology was examined by light micros-
The effect of urine coating of COM and COD crystalscopy and found to be about 1 to 2 m in diameter.
on the attachment of the crystals to both control (non-
Coating of crystals with urine protein injured polarized) and injured (nonpolarized) cells is
shown in Figure 1. The uncoated crystals attached moreFresh urine from two to three healthy male volunteers
readily to injured cells than to control cells for bothwas collected, pooled, and divided into three portions.
COM and COD. Coating of the crystals with urine inhib-Each portion was adjusted to either pH 5, 6, or 7 with
ited crystal attachment to both control and injured cells.HCl or NaOH. COM or COD crystals were rotated with
The attachment of crystals to the control cells is a resultthe urine for 2 hours at 37C. The ratio of crystals to
of the presence of a small number of nonpolarized cellurine was kept constant at 0.5 mg crystals/mL of urine.
We have previously determined that this crystal to urine aggregates present in our primary IMCD cell cultures
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Fig. 1. The attachment of uncoated and urine protein coated calcium
oxalate monohydrate (COM) and calcium oxalate dihydrate (COD)
crystals to control (uninjured-polarized) inner medullary collecting duct
(IMCD) cells and injured (nonpolarized) IMCD cells. The pH of the
urine and the crystal attachment buffer was the same as that used for
our standard crystal attachment assay, pH 6.0. Crystals were applied
at 0.5 mg/cm2. Error bars indicate SEM (N  5). Symbols are: (),
uncoated control; ( ), coated-conrol; ( ), uncoated-injured; and (),
coated-injured.
as reported previously [6]. These experiments were con-
ducted using our standard crystal attachment assay in
AU at pH 6.
Since pH is a urine parameter that is subject to diurnal
Fig. 2. The effect of urine-protein coating of crystals at pH 5, 6, andfluctuation and varies between individuals, the effect
7 on crystal attachment to control and injured inner medullary collectingof various pH levels on protein adsorption and crystal
duct (IMCD) cells. Calcium oxalate monohydrate (COM) (A) and
attachment was studied. To examine the effect of urine calcium oxalate dihydrate (COD) (B). The amount of crystal attachment
was determined at the same pH as the pH of the urine when the crystalspH at the time of crystal coating on crystal attachment
were coated. Error bars are SEM (N  4). When the error bars areto cells the crystals were coated at pH 5, 6, or 7. The
not apparent, they were less than the diameter of the symbol. Control
crystals were then attached to the cells at the same pH (polarized) cells are represented by open symbols and injured (non-
polarized) cells are represented by corresponding solid symbols. Sym-at which they were coated. The results are shown in
bols are: (), control pH 5; (), injured pH 5; (), control pH 6; (),Figure 2A for COM and Figure 2B for COD. At all
injured pH 6; (), control pH 7; and (), injured pH 7.
three pH values the injured cells attached more crystals
than their corresponding controls. For both COM and
COD a much higher level of crystal attachment to injured
The protein adsorbed to the surface of the COM andcells was obtained at pH 5 compared to pH 6 or 7. At
COD at each pH was extracted and separated on SDS-lower crystal attachment concentrations, the levels of
PAGE and the results are shown in Figure 4. Both crys-COM and COD crystal attachment appeared similar.
tals bound a wide array of proteins in relatively equiva-However, at pH 5 and 6, at higher crystal attachment
lent ratios at all pH. The major broad protein band atconcentrations of COD, the amount of crystals attached
approximately 90 to 95 kD was identified by amino acidto injured cells decreased (Figs. 1 and 2B). It was deter-
analysis (Protein and Nucleic Acid Shared Facility, Med-mined by examination of the crystals under the light
ical College of Wisconsin) to be Tamm-Horsfall proteinmicroscope, that this decrease in attachment was a result
(THP). THP constitutes the bulk of the protein coatingof the aggregation of the COD crystals in suspension at
the crystal surface at all pH values. At least three minorthe higher concentrations, regardless of whether they
bands are present in both COM and COD pH 5 and 6were coated or not coated.
protein extracts and possibly to a much lesser extentTo provide a better representation of the effect of pH
in the pH 7 extracts. The three bands correspond toon crystal attachment as shown in Figure 2, the data
molecular weights of approximately 11, 19, and 139 kD.points from the 0.6 mg/cm2 concentration have been plot-
The three proteins appear to be present at higher levelsted against pH (Fig. 3). It can be seen that the increase
on the crystals coated at pH 5 and 6 and these crystalsin crystal attachment begins at pH 6 and increases dra-
matically by pH 5. attached to injured cells more readily at lower pH. The
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Fig. 3. Plot of the 0.6 mg/cm2 data points in Figure 2 for calcium oxalate
monohydrate (COM) () and calcium oxalate dihydrate (COD) ()
attached to injured inner medullary collecting duct (IMCD) cells plotted
against pH. The crystals were attached to the cells at the same pH at
which the crystals were coated
Fig. 5. The combined effect of coating pH and crystal attachment pH
on the attachment of calcium oxalate monohydrate (COM) crystals to
injured (nonpolarized) inner medullary collecting duct (IMCD) cells.
Crystals were applied at a concentration of 0.4 mg/cm2 of cell surface
area (N  5).
sorbed to the crystal surface. Attachment potential of
crystals to the cells might be due to the different tertiary
structure of the adsorbed proteins at each pH and not
necessarily due to the presence of these trace proteins.
Therefore, the influence of the pH of the buffer used in
the crystal-cell attachment assay on the ability of the
COM crystals coated at various pH to attach to the
injured cells is shown in Figure 5. When COM crystals
are coated with urine proteins at pH 5 and are then
attached to injured cells at pH 5, they attach at an in-
creased level to the cells while those crystals coated at
Fig. 4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis pH 7 showed little increase in attachment at pH 5. When
(SDS-PAGE) of urine and urine proteins extracted from calcium oxa- crystals coated with urine proteins at pH 6 were attachedlate monohydrate (COM) and calcium oxalate dihydrate (COD) sur-
to the cells at pH 5, the crystals attached to the injuredfaces following exposure to urine at various pH. Molecular weight
standards (Std), normal pooled urine (U), COM lanes 5, 6, and 7 are cells at a level 30% less than the crystals coated at pH
proteins extracted from COM crystals coated with urine at pH 5, 6, 5. When these crystals were attached at pH 6, much lessand 7, respectively. COD lanes 5, 6, and 7 are proteins extracted from
crystal attachment was achieved. When crystals wereCOD crystals coated with urine at pH 5, 6, and 7, respectively.
coated with urine proteins at pH 7, and attached to
cells at pH 5, there was only a slight increase in crystal
crystals that were coated at pH 7, and have none or a attachment compared to the crystals coated at pH 5 and
trace of these proteins do not attach to the injured cells 6. These same crystals showed little increase in crystal
even at pH 5. These proteins and any other minor pro- attachment at pH 7. It can be seen in this figure that
teins that may be involved in crystal attachment repre- there is an increase in crystal attachment as you observe
sent only a small percentage of the total coating protein. along either axis from pH 7 to pH 5.
These are the only obvious differences in the protein
patterns of the protein extracts from crystals coated at
DISCUSSIONpH 5, 6, and 7.
The results presented here indicate that whether cal-The pH of the crystal attachment buffer could influ-
ence the configuration of the protein that has been ad- cium oxalate crystals are clean or coated with urine pro-
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teins, they attach to injured (nonpolarized cells) but not configuration is pH. A study using uncoated COM crys-
tals and uninjured (polarized) MDCK cells in continuouscontrol (polarized) IMCD cells in culture. The coating
of crystals with urine proteins above pH 6 greatly de- culture, presented an experiment showing the effect of
media pH on crystal attachment [25]. They found signifi-creases the attachment of crystals, even to injured IMCD
cells. The coating of crystals with urine proteins below cant binding of crystals to the cells that was reduced
somewhat by increasing pH, although still a substantialpH 6 results in the attachment of crystals to injured
IMCD cells but not uninjured control cells. Initial studies amount of crystals bound to the cells. No specific expla-
nation for the effect of pH was proposed other than thatreported here suggest that the attachment of the coated
crystals to injured IMCD cells below pH 6 could be pH may alter surface properties of the cells and crystals.
Since in vivo crystals are coated with urine proteins, wea result of one or more of several additional proteins
adsorbed to the crystal or to the surface of the adsorbed examined the effect of varying pH, within the physiologic
range of urine, on macromolecular coating of COM andprotein layer. Also, the lower pH appears to affect the
tertiary structure of the adsorbed protein that defines COD, and on the attachment of the coated crystals to
injured and control IMCD cells.the molecular features of the crystal surface presented
to the cell. The possible effect of pH on the cell surface Our results indicate that crystals coated with urine
and attached to IMCD cells at pH below 6 attach tocharacteristics is also considered. The response to the
urine coating was equivalent for both COM and COD injured cells but only sparingly to control cells. At all
three pH levels tested, the injured cells attached morecrystals.
A large number of urinary macromolecules have been crystals than the uninjured cells for both COM and COD.
The only difference between COM and COD found inshown to bind to the surface of calcium oxalate crystals.
Their influence on crystal nucleation, growth, and aggre- this study was the reduction of COD crystal attachment
to the cells at higher crystal concentrations, an observa-gation have for the most part shown that these processes
are inhibited by coating the crystal surface [11–17]. The tion also found by us in previous studies for uncoated
crystals. This reduction in COD crystal attachment is duebulk of these studies have been done in cell-free continu-
ous crystallization conditions with either diluted urine to the aggregation of the COD crystals. The aggregated
crystals, because of bulk or weight, may be unable toor various proteins found in urine and selected for a
myriad of reasons. A limited number of studies on the remain attached to the cells during the rinsing process
with AU. An alternative explanation could be that ifeffect of urine or urine components on the attachment
of crystals to epithelial cells in culture have been carried there are specific binding faces on COD responsible for
crystal cell interaction as has been previously proposedout at pH above 6, using uninjured cells in culture.
[18–20]. These studies have shown that coating of the [26], the aggregation of the crystals at those faces would
reduce the number of binding faces available to attachcrystal surface inhibits crystal attachment and there is
one recent study that showed little or no effect on crystal to the cell.
A very substantial amount of crystals attached to in-attachment to dividing cells following physical disruption
of the monolayer by denuding the cells from the growth jured IMCD cells at pH 5. The crystal attachment to the
injured cells begins at pH 6 and increases as the urinesupport [21], a much more abrasive form of injury than
that used in this study. In the first experiments of the becomes more acidic (Fig. 3). As previously reported,
the control primary cells used in this study attach a smallpresent study, the crystals were coated in urine at pH 6
and the crystal attachment to the cells was determined amount of crystals as a result of the presence of a small
number of nonpolarized cell aggregates present in ourat the same pH. This is the pH of the artificial urine used
in our standard crystal attachment assay in our past studies primary IMCD cell cultures [6]. Despite the presence of
these aggregates, the primary cell cultures used in thison crystal-renal cell interaction. As shown in Figure 1, the
coating of crystals with urine macromolecules at pH 6 study are ideal because they rapidly lose their cell polar-
ity upon reduction of calcium in the media, allowing theinhibited the attachment of the crystals to the cells.
The coating of crystal surfaces, as well as cell surfaces, experiments to be performed before the low calcium
permanently and adversely effects cell function. The re-with macromolecules is very dynamic with the exchange
of proteins, ions, and other substances to provide a ther- quirement for cell injury to facilitate crystal binding to
the cell surface is in agreement with our previously re-modynamically stable interaction. The macromolecules
that are involved in the interfacial region are influenced ported theory on crystal-cell interactions in urolithiasis
[5], and agrees with other reports indicating the needby both the crystal and cell surfaces and the chemical
characteristics of the media [24]. Different surfaces may for cell injury to facilitate crystal retention [5–10].
For many years, the effect of urine and urine compo-retain different macromolecules in different tertiary con-
figurations depending on the composition and chemistry nents has been studied on their ability to inhibit crystal
nucleation, growth, and aggregation. The list of potentialof the media. One of the variable characteristics of urine
that is known to have an effect on protein charge and inhibitors is long and continues to grow [15, 27]. Many
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of the urine components have been selected from this crystal surface. The change in protein charge will also
likely alter the protein tertiary structure. It would belist and examined for their ability to influence crystal
attachment to epithelial cells. Most have been selected reasonable to expect that the decrease of pH would have
a similar effect on the anionic groups on the surface ofbecause of their presence in urine or stone matrix and
for their ability to inhibit crystal nucleation, growth, and the cells [31].
When crystals that were coated with urine at pH 7aggregation. This selection criteria may be flawed for
studies on crystal-cell interactions. The inhibition of crys- were attached to the cells at pH 5 (Fig. 5), there was
little increase in crystal attachment indicating that a de-tal nucleation, growth, and aggregation involves crystal-
crystal or crystal-crystal component (calcium, oxalate, crease in surface negative charge may not explain the
attachment of crystals coated at lower pH. Significantphosphate, etc.) interactions. The urine materials that
coat the crystal surface and inhibit these processes may levels of proteins, especially THP, were adsorbed to the
crystal surface at all three pH levels, indicating that thenot have prominent roles in the interaction of urine-
coated crystals with cell surfaces. Under usual crystallu- attachment of the crystals to the cells was not simply a
change in the surface charge of the proteins coating theria conditions, crystals are flushed from the kidney tu-
bules without being retained on the epithelial surface crystal surface. The fact that THP was the most abundant
protein adsorbed to the crystal surfaces at all pH levels[28]. Since most naturally occurring urine proteins tested
have been found to reduce or have no effect on crystal would suggest that THP may inhibit and not promote
crystal attachment. However, the relative abundance ofattachment to epithelial cells they are all suspected of
being inhibitors of stone formation. When studying crys- THP bound to the crystals cannot be overlooked, and
it is therefore warranted to describe some secondary roletal attachment to injured collecting duct epithelium, it
may be more appropriate to concentrate on urinary com- that the THP may play in the crystal attachment process.
THP may serve as a platform for the adsorption of otherponents that enhance or promote the crystal attachment
to the injured cells rather than on those components that proteins onto the THP at lower pH that may serve as
the actual attachment molecules. It has been shown thatinhibit attachment. Most studies on the effect of urine
or isolated urine proteins on crystal attachment find that THP inhibits COM aggregation at pH 7.2, but the inhibi-
tion is greatly reduced at pH 5.7 [30].they inhibit crystal attachment [18–20]. It is not likely
that removing one of a myriad of proteins on the crystal In the present study it was shown that at lower pH,
several additional minor proteins are adsorbed to thesurface that inhibit crystal attachment would result in
increased crystal attachment. Therefore, it is more likely crystal surface that may play a role in the crystal-cell
contact. At lower pH, the anionic sites on the proteinthat a protein that is present at pH 5 rather than a protein
that is absent at pH 5 may be responsible for the crystal coat become protonated, decreasing the negative charge
on the surface of the crystal. This would also result in aattachment.
Most naturally occurring urine proteins when ad- corresponding decrease in the negative charge on the
surface of the cell [31] with a lowering of pH. The chargesorbed to the crystal surface impart an increased negative
charge to the crystal [29, 30]. The repulsive effect of like repulsion between the cell and the crystal would be re-
duced. This reduction of charge repulsion could allowcharges on the crystal surface may well prevent the aggre-
gation of the crystals or prevent the interaction of the for the crystal and the cell surfaces to reach close enough
proximity for components on each surface to interact atcrystal with anionic crystal components, thereby prevent-
ing crystal growth. Anion-anion charge repulsion may the molecular level. This interaction may not necessarily
be ionic in nature. As the proteins coating the crystalsimilarly prevent the adhesion of the coated crystals to
the negatively charged surface of normal healthy epithe- surface change configuration of their tertiary structure,
hydrophobic amino acid moieties of the protein maylial cells. The results obtained in the present study appear
to indicate that the negatively charged urine protein- be more available on the coated crystal surface. These
hydrophobic regions may penetrate defects in the hy-coated crystals do in fact inhibit binding to healthy con-
trol cells as well as injured cells above pH 6. As the pH drophobic core of the membrane forming a strong molec-
ular interaction with the cell.decreases below pH 6, the negative charge on the crystal
surface decreases and the attachment of the coated crys- Proteins adsorb to membranes by inserting their hy-
drophobic residues into the hydrophobic core of thetals to the injured cells increases, but not significantly
for uninjured cells. A decrease of the negative charge on membrane to achieve a thermodynamically stable con-
figuration [32]. Defects of the lipid bilayer or changes incoated particles has been shown to occur as pH decreases
[29]. With the knowledge of acid-base titration trends of membrane fluidity could very well accompany loss of
cell polarity, both in this model of tissue injury and inamino acids, we know that as pH decreases, the negative
charge on the surface of proteins decreases and this other forms of tissue injury in vivo. Interaction of oppo-
sitely charged moieties in the membrane may also playshould apply even when the protein is adsorbed to the
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